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FIG. 3A

FIG. 3B

0.12 um
'Oum
{20 ym

O um



U.S. Patent Jul. 14, 2015 Sheet 3 of 17 US 9,082,682 B2

FIG. 4
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FIG. 6A

FIG. 6B
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FIG. 9A
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FIG. 10A
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FIG. 12A

FIG. 12B
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FIG. 13
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FIG. 14
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1
INSULATING SHEET HAVING
HETEROGENEOUS LAMINATED
STRUCTURE, METHOD OF
MANUFACTURING THE SAME, AND
TRANSISTOR INCLUDING THE
INSULATING SHEET

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Korean Patent Appli-
cation No. 10-2013-0034789, filed on Mar. 29, 2013, in the
Korean Intellectual Property Office, the disclosure of which is
incorporated herein in its entirety by reference.

BACKGROUND

1. Field

Some example embodiments relate to insulating sheets
having a heterogeneous laminated structure, methods of
manufacturing the same, and/or laminated structures and
transistors including the laminated sheets, which may be used
in various electrical devices.

2. Description of the Related Art

Graphene is a material composed of a single carbon atom
layer having a two-dimensional planar structure, and since
graphene has desirable mechanical and electrical character-
istics, it has received much attention as a new high-perfor-
mance electronic material. Since characteristics of graphene
may significantly degrade according to its relation with
respect to a substrate when the graphene is used in a real
electronic device, there is a need to form a laminated structure
on a substrate having insulating properties as well as an
atomically flat surface in order to realize a device having
desirable characteristics.

An appropriate material that may be used as a substrate for
the laminated structure is hexagonal boron nitride (hereinaf-
ter, referred to as “h-BN”). h-BN is a material having a two-
dimensional structure, in which the h-BN is composed of
hexagonal arrays of boron atoms and nitrogen atoms, has
electrical insulating properties due to a large bandgap of
about 5.9 eV, and corresponds to a physically and mechani-
cally stable material. Since an h-BN crystal has a hexagonal
laminated structure similar to that of graphite, the h-BN crys-
tal forms a very rigid bond and has lubricity. Also, an h-BN
sheet is a covalently bonded material formed of elements with
a low atomic number, in which the h-BN sheet has very high
thermal conductivity, has very high stability at high tempera-
tures because it does not have a melting point and sublimes at
about 3000° C., has a resistance of about 105 Q at a high
temperature region above about 1000° C. due to very high
electrical resistance, has high chemical stability due to very
stable hexagonal bonding, and may induce weight reductions
in components of aircrafts and spaceships because a true
specific gravity thereofis about 2.26 which is a very low value
among ceramics.

In order to use the h-BN sheet as a substrate for laminating
graphene, there is a need to form an h-BN sheet having a large
area as well as desirable surface characteristics.

SUMMARY

Some example embodiments provide insulating sheets
having a heterogeneous laminated structure which includes
an h-BN sheet having a relatively large area as well as desir-
able surface characteristics. Other example embodiments
provide methods of manufacturing the insulating sheets.
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2

Other example embodiments provide electrical devices
including the insulating sheets. Other example embodiments
provide laminated structures including the insulating sheets
and a graphene channel layer. Other example embodiments
provide transistors including the laminated structure.

Additional aspects will be set forth in part in the description
which follows and, in part, will be apparent from the descrip-
tion, or may be learned by practice of example embodiments.

According to an example embodiment, an insulating sheet
has a heterogeneous laminated structure, and the insulating
sheet includes a graphene sheet, and a hexagonal boron
nitride sheet on the graphene sheet, the hexagonal boron
nitride sheet having a root mean square (RMS) surface rough-
ness of about 0.5 nm or less in a region having an area of about
200 nmx200 nm or less, and one or more of longitudinal and
transverse lengths of about 1 mm or more.

The hexagonal boron nitride sheet may have a RMS sur-
face roughness of about 2.5 nm or less in a region having an
area of about 20 umx20 pum or more. The graphene sheet may
include at least one polycyclic aromatic sheet in which a
plurality of carbon atoms are arranged on a single plane and
connected by covalent bonds, and a thickness of the graphene
sheet may be about 30 nm or less. The hexagonal boron
nitride sheet may have a two-dimensional planar structure in
which a boron (B)-nitrogen (N) bond is a sp® covalent bond,
and a thickness of the hexagonal boron nitride sheet is about
30 nm or less. A dielectric constant of the insulating sheet
may be in a range of about 2 to about 4.

According to another example embodiment, a method of
manufacturing an insulating sheet having a heterogeneous
laminated structure includes forming a graphene sheet by
performing a first heat treatment while introducing a gas-
phase carbon source in the presence of a metal catalyst, form-
ing an amorphous boron nitride layer on the graphene sheet
while providing gas-phase nitrogen and boron sources in a
state in which a reactor is cooled, and recrystallizing the
amorphous boron nitride layer into a hexagonal boron nitride
sheet by performing a second heat treatment on the amor-
phous boron nitride layer.

Forming the graphene sheet, forming the amorphous boron
nitride layer, and recrystallizing the amorphous boron nitride
layer may be performed in a same reactor. The graphene sheet
may be formed by introducing at least one of carbon monox-
ide, ethane, ethylene, ethanol, acetylene, propane, propylene,
butane, butadiene, pentane, pentene, cyclopentadiene, hex-
ane, cyclohexane, benzene, and toluene. The first heat treat-
ment may be performed in the presence of at least one of
nickel (Ni), cobalt (Co), iron (Fe), platinum (Pt), palladium
(Pd), gold (Au), aluminum (Al), chromium (Cr), copper (Cu),
magnesium (Mg), manganese (Mn), molybdenum (Mo),
rhodium (Rh), silicon (Si), tantalum (Ta), titanium (T1), tung-
sten (W), uranium (U), vanadium (V), zirconium (Zr), and an
alloy thereof.

The first heat treatment may be performed at a temperature
ranging from about 300° C. to about 1500° C. The first heat
treatment may be performed for a given amount of time such
that a thickness of the graphene sheet is about 30 nm or less.
The reactor may be cooled to a temperature in a range of about
70° C. to about 800° C. The amorphous boron nitride layer
may be formed by providing at least one of NH; and N,, and
at least one of BH;, BF;, BCl;, B,H,, (CH;CH,);B, and
(CH,;);B. The amorphous boron nitride layer may be formed
by providing at least one of H;NBH; and (BH),(NH),.

The second heat treatment may be performed at a tempera-
ture ranging from about 500° C. to about 1500° C. The
graphene sheet may be formed, the amorphous boron nitride
layer may be formed, and the amorphous boron nitride layer
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may be recrystallized in the presence of one of an inert gas, a
hydrogen gas, and a mixed gas.

According to another example embodiment, an electrical
device including a laminated structure, and the laminated
structure includes the insulating sheet having the heteroge-
neous laminated structure, and a graphene channel layer on
the hexagonal boron nitride sheet.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and more
readily appreciated from the following description of the
embodiments, taken in conjunction with the accompanying
drawings in which:

FIG. 1 is a schematic view illustrating a field-effect tran-
sistor (FET) according to an example embodiment;

FIG. 2 is a schematic view illustrating a FET according to
another example embodiment;

FIGS. 3A and 3B are respective atomic force microscope
(AFM) images of a graphene sheet obtained by a first heat
treatment in Example 1;

FIG. 4 is an optical microscope (OM) image of the
graphene sheet obtained by the first heat treatment in
Example 1;

FIG. 5 is a Raman spectrum of the graphene sheet obtained
by the first heat treatment in Example 1;

FIGS. 6A and 6B are respectively AFM images of an
insulating sheet having a heterogeneous laminated structure
of a graphene sheet/h-BN sheet that is finally synthesized in
Example 1;

FIG. 7 is an optical microscope (OM) image of the insu-
lating sheet having the heterogeneous laminated structure of
the graphene sheet/h-BN sheet that is finally synthesized in
Example 1;

FIG. 8 is a Raman spectrum of the insulating sheet having
the heterogeneous laminated structure of the graphene sheet/
h-BN sheet that is finally synthesized in Example 1;

FIGS. 9A and 9B are respectively Raman mapping images
of the insulating sheet having the heterogeneous laminated
structure of the graphene sheet/h-BN sheet that is finally
synthesized in Example 1;

FIGS. 10A through 10C respectively illustrate results of
X-ray photoelectron spectroscopy (XPS) analysis for the
insulating sheet having the heterogeneous laminated struc-
ture of the graphene sheet/h-BN sheet that is finally synthe-
sized in Example 1 while increasing an angle of an incident
beam;

FIG. 11 illustrates results of elemental mapping of a cross
section ofthe insulating sheet having the heterogeneous lami-
nated structure of the graphene sheet/h-BN sheet that is
finally synthesized in Example 1 analyzed by electron energy
loss spectroscopy (EELS) in a transmission electron micro-
scope (TEM);

FIGS. 12A through 12C respectively are optical images of
an insulating sheet after the insulating sheet having the het-
erogeneous laminated structure of the graphene sheet/h-BN
sheet that is finally synthesized in Example 1 is transferred to
a Si0, substrate;

FIG. 13 is an AFM image illustrating surface characteris-
tics of the SiO, substrate itself;

FIG. 14 illustrates results of capacitance measurements for
a test device and a comparative test device fabricated for
measuring insulating properties of the insulating sheet
obtained in Example 1;

FIG. 15 is a schematic view illustrating a fabrication pro-
cess of a graphene-based FET using the insulating sheet
obtained in Example 1; and
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FIG. 16 is a current vs. voltage graph for FET devices
obtained in Example 1 and Comparative Example 2.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments,
examples of which are illustrated in the accompanying draw-
ings, wherein like reference numerals refer to like elements
throughout. In this regard, the present embodiments may have
different forms and should not be construed as being limited
to the descriptions set forth herein. Accordingly, the embodi-
ments are merely described below, by referring to the figures,
to explain aspects of the present description. As used herein,
the term “and/or” includes any and all combinations of one or
more of the associated listed items. Expressions such as “at
least one of,” when preceding a list of elements, modify the
entire list of elements and do not modify the individual ele-
ments of the list.

In the drawings, the thickness of layers, films, panels,
regions, etc., are exaggerated for clarity. Like reference
numerals designate like elements throughout the specifica-
tion. It will be understood that when an element such as a
layer, film, region, or substrate is referred to as being “on”
another element, it can be directly on the other element or
intervening elements may also be present. In contrast, when
an element is referred to as being “directly on” another ele-
ment, there are no intervening elements present.

It will be understood that, although the terms first, second,
third etc. may be used herein to describe various elements,
these elements should not be limited by these terms. These
terms are used to distinguish one element from another. Thus,
a first element discussed below could be termed a second
element without departing from the teachings of example
embodiments. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

The terminology used herein is for the purpose of describ-
ing particular example embodiments only and is not intended
to be limiting of the present inventive concept. As used herein,
the singular forms “a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms “com-
prises” and/or “comprising,” when used in this specification,
specify the presence of stated features, integers, steps, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this inventive concept belongs. It will be further under-
stood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

Hereinafter, example embodiments will be described in
more detail.

An insulating sheet having a heterogeneous laminated
structure according to an example embodiment includes a
graphene sheet; and a hexagonal boron nitride sheet formed
on the graphene sheet, wherein the insulating sheet may have
a root mean square (hereinafter, referred to as “RMS”) sur-
face roughness of about 0.5 nm or less in a region having an
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area of about 200 nmx200 nm or less, and one or more of
longitudinal and transverse lengths may have a value of about
1 mm or more.

In general, when a graphene channel layer exists on a SiO,
substrate, charge mobility may be decreased due to surface
roughness of the substrate and charge traps such as defects or
dangling bonds contained in the substrate. Since the insulat-
ing sheet having a heterogeneous laminated structure may
have an atomic structure very similar to that of graphene and
may have flat surface characteristics by laminating a hexago-
nal boron nitride (h-BN) sheet theoretically having an atomi-
cally flat surface with no dangling bonds on a graphene sheet,
charge mobility characteristics of a graphene channel layer in
an electrical device, such as a field-effect transistor (FET),
may be improved when the insulating sheet having a hetero-
geneous laminated structure is used as a substrate for lami-
nation.

The graphene sheet is formed by laminating one or a plu-
rality of polycyclic aromatic sheets in which a plurality of
carbon atoms are arranged on a single plane by being con-
nected by covalent bonds (typical sp® bond) to one another,
wherein the carbon atoms connected by covalent bonds may
form a 6-membered ring as a basic repeating unit, but a
5-membered ring and/or a 7-membered ring may be further
included.

The graphene sheet may be composed of a single layer of
carbon atoms covalently bonded to one another, and many
single layers may be laminated to one another to form a
multilayer. In this case, the single layers may be laminated to
have a nanoscale thickness. A thickness of the graphene sheet
is about 30 nm or less, may be about 20 nm or less, and for
example, may be about 15 nm or less. Since the graphene
sheet is formed to have a nanoscale thickness, insulating
properties of the insulating sheet may not be deteriorated.

The nanosized graphene sheet may have a large area. An
area of a sheet may be defined by a width and a length, or
transverse and longitudinal lengths. According to an example
embodiment, one or more of transverse and longitudinal
lengths of the nanosized graphene sheet has a value of about
1 mm or more, may have a value of about 1 cm or more, and
for example, may have a value of about 1 inch or more or
about 2 inches or more.

An area of the graphene sheet is about 0.5 mm? or more,
may be about 1 mm? or more, and for example, may be about
10 mm? or more or about 1 cm? or more. For example, the area
of the graphene sheet may be in a range of about 1 mm? to
about 10 cm”.

The graphene sheet formed in a large area may be a basis on
which a high-quality hexagonal boron nitride sheet may be
formed to have a large area.

An h-BN sheet is formed on the graphene sheet to consti-
tute an insulating sheet having a heterogeneous laminated
structure.

The h-BN sheet has a two-dimensional planar structure, in
which a boron (B)-nitrogen (N) bond is a sp> covalent bond
and a bond between layers may include a van der Waals bond.
The h-BN sheet may have low surface roughness as well as a
large area by being formed on the graphene sheet having a
nanoscale thickness and a large area.

The surface roughness of the h-BN sheet denotes rough-
ness of a surface of the sheet, and in a case where impurity
particles or wrinkles exist on the surface thereof, a value of
the surface roughness is high. In contrast, the value of the
surface roughness decreases as the impurity particles or
wrinkles existed on the surface thereof are reduced and
smooth surface is obtained. Surface roughness of the insulat-
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6

ing sheet having a heterogeneous laminated structure may be
determined by the surface roughness of the h-BN sheet.

The surface roughness of the h-BN sheet or the insulating
sheet may be represented as RMS surface roughness. A value
of'the RMS surface roughness may be obtained by measuring
surface roughness on the surface of the h-BN sheet. Accord-
ing to an example embodiment, the insulating sheet having a
heterogeneous laminated structure may have a RMS surface
roughness of about 0.5 nm or less in a region having an area
of about 200 nmx200 nm or less. The above RMS surface
roughness obtained in the microscopic region having an area
of about 200 nmx200 nm or less denotes that the insulating
sheet has flat surface characteristics in comparison to the SiO,
substrate. For example, the insulating sheet having a hetero-
geneous laminated structure may have a RMS surface rough-
ness of about 0.45 nm or less in a microscopic region having
an area of about 200 nmx200 nm or less.

Also, the insulating sheet having a heterogeneous lami-
nated structure may have a RMS surface roughness of about
2.5 nm or less in a region having an area of about 20 pmx20
um or more. The RMS surface roughness of the insulating
sheet having a heterogeneous laminated structure is lower
than that of an h-BN sheet laminated by a typical manufac-
turing method even in a region wider than the microscopic
region having an area of about 200 nmx200 nm or less. For
example, the insulating sheet having a heterogeneous lami-
nated structure may have a RMS surface roughness of about
2.3 nm or less in a region having an area of about 20 pmx20
pm or more.

Such smooth and flat surface characteristics may contrib-
ute to improve performance of an electrical device using
graphene as a channel.

The h-BN sheet may have a thickness of a single atomic
layer, or may have a multilayer structure having two or more
atomic layers. For example, the h-BN sheet may have a mul-
tilayer structure laminated to a thickness of about 30 nm or
less, specifically, about 20 nm or less, and more specifically,
about 10 nm or less. When the h-BN sheet is used in a
graphene transistor in a case where the thickness of the h-BN
sheet is within the above range, the h-BN sheet may maintain
or improve characteristics of the device without significantly
reducing gate dielectric permittivity.

Similar to the graphene sheet, one or more of transverse
and longitudinal lengths of the h-BN sheet has a value of
about 1 mm or more, may have a value of about 1 cm or more,
and for example, may have a value of about 1 inch or more or
about 2 inches or more.

A dielectric constant of the insulating sheet may be in a
range of about 2 to about 4. For example, the dielectric con-
stant of the insulating sheet may be in a range of about 2.45 to
about 3.6. For example, the dielectric constant of the insulat-
ing sheet may be in a range of about 3.0 to about 3.6. For
example, the dielectric constant ofthe insulating sheet may be
in a range of about 3.3 to about 3.6.

As described above, since the insulating sheet having the
heterogeneous laminated structure including the graphene
sheet and h-BN sheet may have desirable surface character-
istics and a large area, the insulating sheet having the hetero-
geneous laminated structure may be used in various electrical
devices using the insulating sheet as a substrate. In particular,
when the insulating sheet having the heterogeneous lami-
nated structure is used in a graphene-based electronic device,
more stable and improved performance may be obtained. For
example, when a graphene channel layer using the insulating
sheet having the heterogeneous laminated structure as a sub-
strate is realized as a FET, electron mobility characteristics
may be significantly improved. According to an example
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embodiment, it may be confirmed that electron mobility of a
graphene FET having a laminated structure of the insulating
sheet and the graphene channel layer is improved about 8
times or more in comparison to a FET using a silica substrate.

The insulating sheet having a heterogeneous laminated
structure may be manufactured by using a chemical vapor
deposition method. According to an example embodiment, in
a method of manufacturing the insulating sheet having a
heterogeneous laminated structure, a large-area graphene
sheet is firstly synthesized by sequentially providing raw
materials while processing conditions are controlled in a
single reactor (e.g., chamber, furnace, etc.), and a hexagonal
boron nitride sheet having desirable surface characteristics
may be laminated thereon in a large area.

A method of manufacturing an insulating sheet having a
heterogeneous laminated structure according to an example
embodiment may include: forming a graphene sheet by per-
forming a first heat treatment while introducing a gas-phase
carbon source in the presence of a metal catalyst; forming an
amorphous boron nitride layer on the graphene sheet while
providing gas-phase nitrogen and boron sources in a state in
which a reactor is cooled; and performing a second heat
treatment on the amorphous boron nitride layer to recrystal-
lize into a hexagonal boron nitride sheet.

According to an example embodiment, the forming of the
graphene sheet, the forming of the amorphous boron nitride
layer, and the recrystallizing of the amorphous boron nitride
layer into the hexagonal boron nitride sheet may be per-
formed in the same reactor.

First, in order to form a graphene sheet, a first heat treat-
ment is performed at a first temperature while a gas-phase
carbon source is introduced into a reactor in the presence of a
metal catalyst. When the first heat treatment is performed at a
given (or alternatively, predetermined) temperature for a
given (or alternatively, predetermined) period of time while
the gas-phase carbon source is provided at a given (or alter-
natively, predetermined) pressure into the reactor in which the
metal catalyst is contained, a graphene sheet may be formed
while carbon components included in the gas-phase carbon
source are bonded to one another to form a hexagonal plate
structure.

A metal catalyst in the form of a layer may be indepen-
dently used or if necessary, a metal catalyst included in a
substrate may be used as the metal catalyst usable in a process
of forming the graphene sheet. In particular, with respect to a
metal catalyst in the form of a thin film, a substrate may be
used for the convenience of the manufacturing process. As the
substrate, an inorganic substrate such as a silicon (Si) sub-
strate, a SiC substrate, a glass substrate, a GaN substrate, a
silica substrate, and a sapphire substrate, a metal substrate
such as a nickel (Ni) substrate, a copper (Cu) substrate, and a
tungsten (W) substrate, and a carbon substrate such as a
graphite substrate may be used. A surface of the substrate may
be coated in advance with a blocking layer in order to inhibit
an unnecessary reaction between the substrate and the metal
catalyst. The blocking layer is included between the substrate
and the metal catalyst layer, and thus, a reduction in formation
efficiency of the graphene sheet by the reaction of the metal
catalyst with the substrate may be prevented or reduced. A
material, such as SiO,, TiN, Al,O;, TiO,, and Si;N,, may be
used as the blocking layer and the blocking layer may be
formed on the substrate by using a method such as sputtering.

The metal catalyst assists the carbon components provided
from the carbon source to be bonded to one another to form a
hexagonal plate structure by being in contact with the carbon
source. For example, a catalyst used for synthesizing graph-
ite, inducing a carbonization reaction, or preparing carbon

10

15

20

25

30

35

40

45

50

55

60

65

8

nanotubes may be used. Specifically, one or more selected
from the group consisting of Ni, cobalt (Co), iron (Fe), plati-
num (Pt), gold (Au), aluminum (Al), chromium (Cr), Cu,
magnesium (Mg), manganese (Mn), molybdenum (Mo),
rhodium (Rh), Si, tantalum (Ta), titanium (T1), W, uranium
(U), vanadium (V), and zirconium (Zr) may be used. A plate
structure formed of the above metal alone may be used as the
metal catalyst, and the metal catalyst may be fixed on the
substrate by using a method such as vapor deposition or
sputtering. A metal catalyst in the form of a thin film or thick
film may be used as the metal catalyst.

In a case where the metal catalyst in the form of a layer is
a thin film, the metal catalyst formed on a substrate may be
used in terms of the manufacturing process. For example,
since a contact between the thin film and the substrate may be
weakened at a temperature greater than about 700° C. and a
portion of the thin film may be melted, a thick film that does
not require the use of a substrate may be used in a case where
a high-temperature heat treatment performed above about
700° C. is used. With respect to the thin film metal catalyst, a
thickness thereof, for example, is in a range of about 1 nm to
about 1,000 nm, and may be in a range of about 10 nm to about
100 nm. With respect to the thick film metal catalyst, a thick-
ness thereof, for example, is in a range of about 0.01 mm to
about 5 mm, and may be in a range of about 0.1 mm to about
1 mm.

Carbon may be provided as the carbon source and any
material capable of existing in a gas phase at a temperature
above about 300° C. may be used without particular limita-
tion. A compound containing carbon may be used as the
gas-phase carbon source. A compound having a carbon num-
ber of about 6 or less is used, a compound having a carbon
number of about 4 or less may be used, and for example, a
compound having a carbon number of about 2 or less may be
used. For example, one or more selected from the group
consisting of carbon monoxide, ethane, ethylene, ethanol,
acetylene, propane, propylene, butane, butadiene, pentane,
pentene, cyclopentadiene, hexane, cyclohexane, benzene,
and toluene may be used.

The carbon source may be introduced into the reactor con-
taining the metal catalyst at a given (or alternatively, prede-
termined) pressure, and for example, the carbon source may
be provided at a flow rate ranging from about 1 sccm to about
100 scem.

Inthe reactor, the carbon source may be contained alone or
may be contained with an inert gas such as nitrogen, helium,
and argon. For example, the inert gas may be provided into the
reactor at a flow rate ranging from about 100 sccm to about
1,000 scem, and specifically, from about 300 sccm to about
700 scem.

Also, a reducing gas, such as hydrogen gas, may be used
with the carbon source. Hydrogen may be used to control a
gas-phase reaction by maintaining a surface of the metal
catalyst clean. For example, the hydrogen gas may be pro-
vided into the reactor at a flow rate ranging from about 100
sccm to about 1,000 scem, and specifically, from about 300
sccm to about 700 scem.

The carbon source may be provided in a mixed gas atmo-
sphere of an inert gas and hydrogen gas.

When the gas-phase carbon source is introduced into the
reactor containing the metal catalyst in the form of'a layer and
the first heat treatment is then performed, a graphene sheet
may be formed on the surface of the metal catalyst. A tem-
perature during the first heat treatment may be determined
within a range in which the graphene may grow in the form of
a sheet while the metal catalyst is not damaged. The first heat
treatment, for example, may be performed at a temperature
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ranging from about 300° C. to about 1500° C., and specifi-
cally, from about 500° C. to about 1000° C. In a case where
the metal catalyst is in the form of a thick film, the first heat
treatment may be performed at a temperature higher than that
in a case where the metal catalyst is in the form of a thin film.

The first heat treatment may control a degree of formation
of the graphene sheet by being held at a given (or alterna-
tively, predetermined) temperature for a given (or alterna-
tively, predetermined) period of time. That is, since an
amount of the graphene formed is increased when the first
heat treatment is maintained over a prolonged period of time,
a resultant thickness of the graphene sheet may be increased.
When the first heat treatment is performed for a shorter period
of time, the resultant thickness of the graphene sheet may be
decreased. Therefore, in order to obtain a targeted thickness
of'the graphene sheet, a first heat treatment holding time may
be controlled in addition to a type and supply pressure of the
carbon source, a type of the metal catalyst, and a size of the
reactor. When the first heat treatment holding time is exces-
sively short, a sufficient amount of the graphene sheet may
not be obtained, and when the first heat treatment holding
time is excessively long, the formed graphene sheet may be
too thick, and thus, graphitization may be performed. There-
fore, in consideration of such a situation, the first heat treat-
ment holding time may be appropriately controlled so as to
obtain a thickness of the graphene sheet of about 30 nm or
less. For example, the first heat treatment may be maintained
for about 0.001 hours to about 1,000 hours.

Any heat source, such as induction heating, radiant heat,
laser, infrared (IR), microwaves, plasma, ultraviolet (UV),
and surface plasmon heating, may be used as a heat source for
the first heat treatment without limitation. The heat source is
attached to the reactor to increase a temperature of the reactor
to a given (or alternatively, predetermined) temperature.

After the first heat treatment, a product of the first heat
treatment may be subjected to a given (or alternatively, pre-
determined) cooling process. The cooling process may assist
the formed graphene to uniformly grow to be regularly
arranged in the form of a sheet. Since rapid cooling may cause
cracks in the graphene sheet being formed, the cooling may
be slowly performed at a given (or alternatively, predeter-
mined) rate. For example, the cooling may be performed at a
rate ranging from about 0.1° C./min to about 10° C./min, and
may be performed by using a method such as natural cooling.
The natural cooling is performed by simply removing the heat
source used in the heat treatment, in which a sufficient cooling
rate may be obtained by only the removal of the heat source.
The above-described first heat treatment and cooling process
may be performed in a single cycle process. However, a
graphene sheet having a dense structure may be formed by
repeating the single cycle process many times.

The graphene sheet obtained after the first heat treatment
may be formed as a single layer or a multilayer having a
thickness of about 30 nm or less, and one or more of trans-
verse and longitudinal lengths of the graphene sheet has a
value of about 1 mm or more, may have a value ofabout 1 cm
or more, and for example, may have a value ranging from
about 1 cm to about 1,000 m. An area of the graphene sheet,
for example, may be easily controlled by freely controlling a
size of the substrate having the metal catalyst formed thereon.

Since the large-area graphene sheet having a nanoscale
thickness itself has a very smooth and flat surface while not
inhibiting insulating properties of the insulating sheet to be
finally obtained, an h-BN sheet having desirable surface char-
acteristics may be formed in a large area when the h-BN sheet
is formed on the large-area graphene sheet.
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The graphene sheet thus obtained may be identified by a
Raman spectrum. That is, since graphene in the form of a
sheet exhibits a D peak near about 1345 cm™ and a G peak
near about 1600 cm™! in the Raman spectrum, the formation
of the graphene sheet may be confirmed by the presence of
such peaks. Also, the thickness of the graphene sheet may be
confirmed by a result of step height measurements with
respect to the substrate.

Next, an amorphous boron nitride layer is formed on the
graphene sheet while gas-phase nitrogen and boron sources
are provided to the reactor that is in a cooled state after the first
heat treatment.

According to an example embodiment, the forming of the
amorphous boron nitride layer by providing the nitrogen
source and the boron source, and the forming of the hexago-
nal boron nitride sheet by performing the second heat treat-
ment on the amorphous boron nitride layer may be continu-
ously performed in the same reactor as that used in the
formation of the graphene sheet. Since the h-BN sheet is
formed by sequentially providing raw materials in a single
reactor, it may be very advantageous in terms of a yield with
respect to energy and time required during the manufacturing
of the insulating sheet having a heterogeneous laminated
structure and an h-BN sheet having desirable surface charac-
teristics may be synthesized, in comparison to a process of
forming an h-BN sheet by using another reactor after the
formation of the graphene sheet.

A temperature during the cooling is not particularly lim-
ited, and the cooling may be performed within a temperature
range in which an amorphous boron nitride layer is stably
formed while the nitrogen source and the boron source are
provided in a gas phase. A temperature of the reactor in a
cooled state is lower than the first heat treatment temperature,
and for example, may be in a range of about 70° C. to about
800° C. For example, the temperature of the reactor may be in
a range of about 70° C. to about 400° C. Specifically, the
temperature of the reactor may be in a range of about 100° C.
to about 400° C., and for example, may be in a range of about
300° C. to about 400° C.

The nitrogen source is not particularly limited so long as it
may provide gas-phase elemental nitrogen, and may include
one or more selected from NH; and N,.

The boron source is not particularly limited so long as it
may provide gas-phase elemental boron, and may include one
or more selected from the group consisting of BH;, BF,,
BCl;, diborane (B,H,), (CH;CH,);B, and (CH,),B.

According to an example embodiment, one or more
selected from borazane (H;NBH;) and borazine (BH);(NH)
;) may be used as a source capable of providing both nitrogen
and boron.

The nitrogen source and the boron source may be provided
in a gas phase into a chamber. However, raw materials them-
selves are not necessary to be a gas phase and solid-phase
materials containing nitrogen and boron may be used by
being evaporated in an external container.

That is, a solid-phase nitrogen and boron-containing com-
pound may be stored in the external container, and the com-
pound may be then evaporated, for example, sublimated by
heating at a given (or alternatively, predetermined) tempera-
ture. Then, the sublimated compound may be provided into
the chamber in which the metal catalyst is disposed.

The gas-phase nitrogen and boron sources evaporated in
the external container may be provided into the chamber with
nitrogen gas. At this time, since contents of nitrogen and
boron provided into the chamber may be adjusted by appro-
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priately controlling a temperature of the external container
and a flow rate of the nitrogen gas, growth of the h-BN thus
obtained may be controlled.

An ammonia-borane (NH;—BH;) compound may be used
as the solid-phase nitrogen and boron-containing compound
stored in the external container. Since the evaporation of the
ammonia-borane compound occurs at about 130° C.,
amounts of evaporated NH; and BH; may be appropriately
controlled by adjusting the temperature.

The gas-phase nitrogen and boron sources may be pro-
vided at a constant flow rate into the reactor, and for example,
the nitrogen source and the boron source at a stoichiometric
ratio of about 1:1 may be provided at a flow rate ranging from
about 1 sccm to about 100 scem.

Also, the nitrogen source and the boron source may be
provided in an inert atmosphere and/or a reducing atmo-
sphere. An inert gas, such as nitrogen gas, argon gas, or
helium gas, may be used for producing the inert atmosphere,
and the reducing atmosphere may be produced by using
hydrogen gas. Both inert gas and hydrogen gas may be pro-
vided in the form of a mixed gas. For example, the inert gas
may be provided at a flow rate ranging from about 100 sccm
to about 1,000 sccm, specifically, about 300 sccm to about
700 scem into the reactor. For example, the hydrogen gas may
be provided at a flow rate ranging from about 100 sccm to
about 1,000 sccm, specifically, about 300 scecm to about 700
sccm into the reactor.

The nitrogen source and the boron source thus provided
form an amorphous boron nitride layer on the graphene sheet.

Thereafter, an h-BN sheet is formed by performing a sec-
ond heat treatment on the amorphous boron nitride layer. The
second heat treatment is a process of recrystallizing the amor-
phous boron nitride layer to obtain a hexagonal crystal struc-
ture and may be performed at an appropriate temperature for
a given (or alternatively, predetermined) period of time. For
example, the second heat treatment may be performed at a
temperature ranging from about 500° C. to about 1,500° C.,
specifically, about 800° C. to about 1,200° C. for about 1
minute to about 2 hours. A recrystallized h-BN sheet may be
formed on the graphene sheet by the second heat treatment.

Any heat source, such as induction heating, radiant heat,
laser, infrared (IR), microwaves, plasma, ultraviolet (UV),
and surface plasmon heating, may be used as a heat source for
the second heat treatment without limitation. The heat source
is attached to the chamber to increase a temperature of the
chamber to a given (or alternatively, predetermined) tempera-
ture.

A product obtained by the second heat treatment may be
further subjected to a given (or alternatively, predetermined)
cooling process. Herein, the cooling process is a process for
assisting the formed h-BN to uniformly grow to be regularly
arranged in the form of a sheet, in which the cooling, for
example, may be performed at a rate ranging from about 10°
C./min to about 100° C./min. An inert gas and/or hydrogen
gas may be provided at a constant flow rate for the cooling.
Also, the cooling may be performed by using a method such
as natural cooling, and the natural cooling may be performed
by stopping an operation of the heat source or removing the
heat source from the reactor. The above-described second
heat treatment and cooling process may be performed in a
single cycle process. However, an h-BN sheet having a dense
structure as well as many layers may be formed by repeating
the single cycle process many times. For example, crystallin-
ity and purity of the h-BN may be increased by repeating the
second heat treatment two or three times.

The h-BN sheet obtained by the above-described second
heat treatment may have a thickness of a single atomic layer,
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or may have a multilayer structure having two or more atomic
layers. For example, the h-BN sheet may be formed to have a
thickness of about 30 nm or less, specifically about 20 nm or
less, and more specifically, about 10 nm or less.

The h-BN sheet alone may be identified by a Raman spec-
trum. In the Raman spectrum, the h-BN sheet provides a
specific band with a peak at about 1,367 cm™" corresponding
to a B—N vibrational mode (B,,) of h-BN. In general, in a
case where an h-BN sheet exists alone, the purity of h-BN
may be calculated according to a shape of the peak at about
1,367 cm™ in the Raman spectrum. For example, since a
value of a full width at half maximum (FWHM) of the peak at
about 1,367 cm™" becomes high due to the superposition of
peaks when allotropes such as cubic boron nitride (c-BN) or
amorphous boron nitride (a-BN), or boron carbon nitride
(B.C,N,) and/or hetero components of BN soot are included,
the crystallinity of the h-BN sheet may be identified by the
FWHM of the peak at about 1,367 cm™'. However, with
respect to the h-BN sheet formed on the graphene sheet, since
the peak at about 1,367 cm™ of the h-BN sheet may be
overlapped with the D peak of the graphene sheet appeared
near about 1345 cm™ in a Raman spectrum, accurate identi-
fication may be difficult if only the Raman spectrum is used.

Therefore, X-ray photoelectron spectroscopy (XPS) and
transmission electron microscope-electron energy loss spec-
troscopy (TEM-EELS) may be used as a method of specifi-
cally identifying the h-BN sheet formed on the graphene
sheet. When the presence of B—N and C—C bondings and a
map of each element, such as boron (B), carbon (C), and
nitrogen (N), are respectively identified from results of XPS
measurements and results of TEM-EELS measurement, a
heterogeneous laminated structure may be identified, in
which the h-BN sheet is formed on the graphene sheet.

The h-BN sheet synthesized on the large-area graphene
sheet through process control during chemical vapor deposi-
tion may exhibit flat surface characteristics in a region having
an area of about 20 umx20 pum or more as well as a micro-
scopic region having an area of about 200 nmx200 nm or less.
According to an example embodiment, the h-BN sheet struc-
ture may have a RMS surface roughness of about 0.5 nm or
less, for example, about 0.45 nm or less in the microscopic
region having an area of about 200 nmx200 nm or less, and
may have a RMS surface roughness of about 2.5 nm or less,
for example, about 2.3 nm or less in the region having an area
of'about 20 umx20 pm or more.

One or more of transverse and longitudinal lengths of the
h-BN sheet thus prepared has a value of about 1 mm or more,
may have a value of about 1 cm or more, and for example, may
have a value of about 1 inch or more or about 2 inches or more.
Thus, alarge-area h-BN sheet may be obtained on the basis of
the large-area graphene sheet.

Since the h-BN sheet thus formed has a smooth surface and
less defects, the insulating sheet including the h-BN sheet
may be used in various electrical devices. For example, since
the insulating sheet has a physically and mechanically stable
structure and desirable insulating properties and transpar-
ency, the insulating sheet may be used as an insulation layer of
solar cells, display devices, or various transistors.

Also, theh-BN sheet in the insulating sheet has a low lattice
mismatch of about 1.7% and simultaneously, does not include
charged impurities on its surface because dangling bonds are
not formed in terms of structure. Therefore, the insulating
sheet including the h-BN sheet may be used as a support in a
graphene-based electronic device, instead of silicon dioxide
(Si0,). In this case, the insulating sheet does not degrade
performance of a graphene channel layer and also has desir-
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able transparency and ductility, and thus, performance of the
graphene-based electronic device may be improved.

According to another embodiment, a laminated structure
of the insulating sheet including the h-BN sheet and the
graphene channel layer may be used in various electrical
devices, for example, sensors, bipolar junction transistors
(BITs), FETs, heterojunction bipolar transistors (HBTs),
single electron transistors, light-emitting diodes (LEDs), and
organic light-emitting diodes (OLEDs). The insulating sheet
in the laminated structure of the insulating sheet and the
graphene channel layer in the above devices may beused as a
buffer layer between an electrode and the graphene channel
layer.

An example of a FET among the above devices is illus-
trated in FIG. 1. In FIG. 1, asilica substrate 312 is disposed on
a substrate 311, and a channel layer 313 is disposed on the
silica substrate 312. The channel layer 313 may be a graphene
channel layer. A source electrode 314 and a drain electrode
316 are disposed on the left and right sides of the channel
layer 313 and a gate electrode 315 is disposed on the channel
layer 313 having an insulation layer 317 therebetween.
Herein, a voltage is applied to the gate electrode 315 to
control a current flowing between the source electrode 314
and the drain electrode 316. That is, the graphene channel
layer 313 constitutes a channel region and the voltage applied
to the gate electrode 315 controls the current flowing between
the source electrode 314 and the drain electrode 316 to control
an on/off operation. In the FET, the insulating sheet including
a high-quality and large-area h-BN sheet may be used as an
insulation layer.

An example of another FET is illustrated in FIG. 2. In FIG.
2, abuffer layer 318 may be disposed between a channel layer
313 and a silica substrate 312 in order to control scattering of
charges of the channel layer 313 during the movement caused
by roughness of a surface of the silica substrate 212 and
dangling bonds, and the insulating sheet including a high-
quality and large-area h-BN sheet may be used as the buffer
layer 318.

As another embodiment, the buffer layer 318 is disposed
between the channel layer 313 and the insulation layer 317 in
order to improve injection efficiency, and the insulating sheet
including an h-BN sheet may be used as the buffer layer 318.

The FET may be a back-gate FET.

Hereinafter, the inventive concepts will be described in
more detail, according to the following examples. However,
the inventive concepts are not limited thereto.

Example 1

—Graphene Sheet Synthesis (First Heat Treatment)

A copper foil having an area of about 2 cmx10 cm and a
thickness of about 125 um was disposed in a chemical vapor
deposition (CVD) chamber, and the temperature was gradu-
ally increased to about 900° C. for about 1 hour by using an
inductive heat source. Subsequently, a heat treatment was
performed at about 900° C. for about 1 hour while CH,, gas
was constantly introduced into the chamber at a flow rate of
about 5 sccm. Thereafter, the heat source was removed and
the chamber was naturally cooled. The chamber was cooled to
about 400° C. and a synthesized graphite sheet was then
obtained.

N, gas at a flow rate of about 500 sccm and H, gas at a flow
rate of about 500 sccm were provided into the CVD chamber
throughout the synthesis process of the graphene sheet.

The synthesized graphene sheet was transferred to a SiO,
substrate having a thickness of about 100 nm, and the pres-
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ence of the synthesized graphene sheet and a thickness
thereof were identified through experimental examples to be
described later.

—Amorphous BN Layer Formation

Borazine ((BH),(NH),) as a raw material of h-BN was
introduced into a separate heating chamber and gas-phase
borazine was obtained by sublimating the borazine at a tem-
perature ranging from about 110° C. to about 130° C. with
nitrogen gas having a flow rate of about 10 sccm.

The graphene sheet transferred to the SiO, substrate was
disposed in the CVD chamber that had been cooled to about
400° C., and an amorphous boron nitride layer was formed on
the graphene sheet while providing the gas-phase borazine
into the CVD chamber for about 1 hour.

N, gas at a flow rate of about 500 sccm and H, gas at a flow
rate of about 500 sccm were provided into the CVD chamber
during the formation of the amorphous BN layer.

—h-BN Sheet Formation (Second Heat Treatment)

A temperature of the CVD chamber was gradually
increased to about 1,000° C. for about 40 minutes and a heat
treatment was then performed at about 1,000° C. for about 1
hour to grow h-BN. Subsequently, the heat source was
removed and an h-BN sheet formed on the graphene sheet
was obtained by naturally cooling the chamber for about 4.5
hours. N, gas at a flow rate of about 500 sccm and H, gas ata
flow rate of about 500 sccm were provided into the CVD
chamber throughout the formation process of the BN sheet.

Thus, an insulating sheet having a heterogeneous lami-
nated structure of the graphene sheet and the h-BN sheet was
manufactured.

Experimental Example 1
Analysis of Synthesized Graphene Sheet

In order to identify the graphene sheet obtained by the first
heat treatment in Example 1, the graphene sheet transtferred to
the SiO, substrate was analyzed by using an atomic force
microscope (AFM), an optical microscope (OM), and a
Raman spectrum.

AEM images and an OM image of the graphene sheet are
respectively illustrated in FIGS. 3A and 3B, and FIG. 4.
Referring to FIGS. 3A and 3B, and FIG. 4, it may be under-
stood that graphene was formed as a layer in the form of sheet.

A Raman spectrum of the graphene sheet is illustrated in
FIG. 5. Referring to F1G. 5, the formation of a graphene sheet
having a nanoscale thickness was identified by the presence
ofthe D peak near about 1345 cm™ and the G peak near about
1600 cm™".

Also, a step height between the graphene sheet and the
surface of the SiO, substrate was measured by cross section
scanning, and as a result, it was confirmed that an average
thickness of the formed graphene sheet was about 11.28 nm.

Experimental Example 2

Identification of Graphene Sheet/h-BN Sheet
Heterogeneous Laminated Structure

In order to identify the graphene sheet/h-BN sheet hetero-
geneous laminated structure finally synthesized in Example
1, the laminated graphene sheet/h-BN sheet was analyzed by
using an AFM, an OM, and a Raman spectrum.

AEM images and an OM image of the graphene sheet/h-
BN sheet are respectively illustrated in FIGS. 6 A and 6B, and
FIG. 7. Referring to FIGS. 6A and 6B, and FIG. 7, it may be
understood that a very flat sheet structure having a large area
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was formed. A RMS surface roughness measured by the AFM
was about 0.462 nm and thus, it was confirmed that the
graphene sheet/h-BN sheet has a very flat surface.

Also, a Raman spectrum and Raman mapping images of
the graphene sheet/h-BN sheet are respectively illustrated in
FIG. 8 and FIGS. 9A and 9B. Referring to the Raman spec-
trum of the h-BN nanosheet/graphene sheet of FIG. 8, a peak
of h-BN at about 1357 cm™ to about 1360 cm™" that was
slightly shifted to the right from the D peak, a supper lattice
peak of the graphene sheet, and the G peak near about 1600
cm™! were observed, and FIGS. 9A and 9B respectively illus-
trate results of mapping of the super lattice peak and G peak
positions.

FIGS. 9A and 9B are respectively images representing
intensities of the Raman spectrum as colors for the supper
lattice peak and the G peak, in which bright yellow color was
shown as the intensity was strong. In FIGS. 9A and 9B, all
regions with bright yellow color were regions including the
h-BN/graphene sheet, and since the bright yellow color are
distributed over a wide area, it may be confirmed that uniform
and continuous h-BN/graphene sheet was presented.

Experimental Example 3

XPS Analysis of Graphene Sheet/h-BN Sheet
Heterogeneous Laminated Structure

The insulation sheet having a graphene sheet/h-BN sheet
heterogeneous laminated structure finally synthesized in
Example 1 was analyzed by XPS while increasing an angle of
an incident beam, and results thereof are presented in FIGS.
10A to 10C.

Referring to FIGS. 10A to 10C, an increase in C—C bond-
ing may be confirmed as the incident angle increases, and it
may be understood that the insulating sheet had a laminated
structure in which a C component (graphene component) was
disposed on a bottom side thereof. Also, it may be understood
that B—N bonding and C—C bonding were presented, but
B—C bonding and N—C bonding were absent. This may
indicate that a hybrid structure bonding between B and C or N
and C was not presented.

Experimental Example 4

EELS Analysis of Graphene Sheet/h-BN Sheet
Heterogeneous Laminated Structure

Elements of the insulation sheet having a graphene sheet/
h-BN sheet heterogeneous laminated structure finally synthe-
sized in Example 1 were analyzed at a nanometer level by
EELS in a TEM.

Results of elemental mapping of a cross section of the
heterogeneous laminated structure are illustrated in FIG. 11.
In FIG. 11, a mapping image of each element, such as B, C,
and N, was black and white. However, electrons nonelasti-
cally scattered by each element, such as B, C, and N, may be
energetically selected and distributed into each color of red,
green, and blue (RGB) to obtain color images.

As illustrated in FIG. 11, it may be understood from the
results of mapping of each element, such as B, C, and N, that
B and C were apparently separated into two layers.

Experimental Example 5
Surface Roughness Analysis of Graphene
Sheet/h-BN Sheet Heterogeneous Laminated
Structure

The insulation sheet having a graphene sheet/h-BN sheet
heterogeneous laminated structure finally synthesized in
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Example 1 was transferred to a SiO, substrate and optical
images of the insulating sheet are respectively illustrated in
FIGS. 12A, 12B, and 12C.

As illustrated in FIGS. 12A, 12B, and 12C, it may be
understood that the insulation sheet having a graphene sheet/
h-BN sheet heterogeneous laminated structure that had been
transferred to the SiO, substrate had a RMS surface rough-
ness of about 2.253 nm in a region having an area of about 20
umx20 pum, had a RMS surface roughness of about 0.486 nm
in a region having an area of about 1 umx1 pm, and had a
RMS surface roughness of about 0.462 nm in a region having
an area of about 0.2 pmx0.2 um.

For comparison, an AFM image illustrating surface char-
acteristics of the SiO, substrate itself is illustrated in FIG. 13.

When compared with the SiO, substrate, it may be under-
stood that the insulation sheet having a graphene sheet/h-BN
sheet heterogeneous laminated structure also exhibited very
flat characteristics in a wider region as well as a microscopic
region after being transferred to the SiO, substrate.

Experimental Example 6

Insulating Property Analysis of Graphene
Sheet/h-BN Sheet Heterogeneous Laminated
Structure

In order to identify insulating properties of the insulating
sheet having a graphene sheet/h-BN sheet heterogeneous
laminated structure finally synthesized in Example 1, a com-
parative test device was first prepared by depositing a silver
electrode having an area of about 1 mmx1 mm on a p-type Si
substrate having about 300 nm of SiO, deposited thereon to a
thickness of about 100 nm by using a thermal evaporator.
Also, the insulating sheet having a graphene sheet/h-BN sheet
heterogeneous laminated structure manufactured in Example
1 was deposited on the p-type Si substrate having about 300
nm of SiO, deposited thereon, and a test device was then
prepared by depositing a silver electrode having an area of
about 1 mmx1 mm to athickness of about 100 nm by using the
thermal evaporator.

Bottom surfaces of the test device and the comparative test
device were respectively connected to copper plates using a
silver paste and the top silver electrodes and the copper plates
were then respectively connected to a LCR meter to measure
capacitances according to voltage changes. Results thereof
are presented in FIG. 14. As a result of the capacitance mea-
surements in FIG. 14, a capacitance of h-BN/graphene sheet/
Si0, was about 9.91x10° F/cm? and a capacitance of SiO,
was about 1.04x107® F/cm®. When each capacitance was
denoted as C1 (h-BN/graphene sheet/Si0,), C2 (Si0,), and
C3 (h-BN/graphene sheet), since C1 may be considered as a
capacitor in which C2 and C3 are connected in series, an
equation, 1/C1=1/C2+1/C3, is established. Therefore, when
C3 was calculated from the above equation, a value of C3 was
about 2.10x1077 F/cm?. Capacitance may be expressed by an
equation, C==,EA/d (where €,=a dielectric constant of
vacuum, &=a dielectric constant of h-BN/graphene sheet,
A=an area of the capacitor=about 1 mm?, and d=a thickness
of the capacitor=about 14.5 nm), and according to the above
equation, the insulating sheet having a heterogeneous lami-
nated structure obtained in Example 1 had a dielectric con-
stant of about 3.45. This value is very similar to the dielectric
constant of an h-BN single crystal, and it may be understood
that electrical insulating properties of the insulating sheet
were desirable.
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Example 2

As illustrated in FIG. 15, a graphene-based FET using the
insulating sheet having a graphene sheet/h-BN sheet hetero-
geneous laminated structure manufactured in Example 1 was
fabricated.

An insulating sheet 12 having a graphene sheet/h-BN sheet
heterogeneous laminated structure obtained in Example 1
was transferred to silicon (n-Si)/silica (SiO,) substrates 13
and 14 having an area of about 2.5 cmx2.5 cm and a respective
thickness of about 525 pm and about 300 nm. Subsequently,
single-layer thick graphene 11 was transferred to the h-BN
sheet of the insulating sheet.

Thereafter, Ti/Au electrodes 16 and 17 were deposited on
the graphene by using photolithography 15 to form source/
drain electrodes. Then, a FET structure having a channel
length of about 10 pm and a channel width of about 2 pm was
fabricated by using photolithography 18 and etching the
graphene 11 and the insulating sheet 12 with O, plasma.

Comparative Example 2

Single-layer thick graphene was transferred to silicon
(n-Si)/silica (Si0,) substrates having an area of about 2.5
cmx2.5 cm and a respective thickness of about 525 um and
about 300 nm.

Thereafter, Ti/Au electrodes were deposited on the
graphene by using photolithography, and subsequently, a
FET structure having a channel length of about 10 pm and a
channel width of about 2 um was fabricated by using photo-
lithography and etching the graphene with O, plasma.

Experimental Example 7
Electrical Property Analysis of FET

An amount of drain current (I,5) generated from a source
and a drain by applying a given (or alternatively, predeter-
mined) voltage to a gate was measured for the FET devices
obtained in Example 2 and Comparative Example 2, and
results thereof are illustrated in an [~V graph of FIG. 16.

Referring to the I,,,-V; graph of FIG. 16, with respect to
the FET in Comparative Example 2, a charge mobility of the
graphene channel/SiO, substrate was about 504.8077 (h)
cm?/V, and with respect to the FET in Example 2, a charge
mobility of the graphene channel/h-BN/NG/SiO, substrate
was about 3916.1982 (h) cm*/V .

As described above, it may be understood that performance
of'the FET of Example 2 using the insulating sheet having the
graphene sheet/h-BN sheet heterogeneous laminated struc-
ture was improved by about 8 times in comparison to the FET
of Comparative Example 2 having no insulating sheet
included therein. This may be due to the fact that the insulat-
ing sheet was used as a buffer layer to prevent or reduce
scattering effects during the movement of charges in the
graphene channel layer.

Since the insulating sheet having the heterogeneous lami-
nated structure includes a hexagonal boron nitride sheet hav-
ing desirable surface characteristics on a large-area graphene
sheet, the insulating sheet may be used in various electrical
devices including a transistor. When a graphene channel layer
using the insulating sheet as a substrate is realized as a FET,
electron mobility characteristics may be significantly
improved.

While the inventive concepts have been particularly shown
and described with reference to example embodiments
thereof, it will be understood by those of ordinary skill in the
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art that various changes in form and details may be made
therein without departing from the spirit and scope of the
following claims.

What is claimed is:

1. An insulating sheet having a heterogeneous laminated
structure, the insulating sheet comprising:

a graphene sheet; and

a hexagonal boron nitride sheet on the graphene sheet, the

hexagonal boron nitride sheet having a root mean square
(RMS) surface roughness of about 0.5 nm or less in a
region having an area of aboiit 200 nmx200 nm or less,
and one or more of longitudinal and transverse lengths of
about 1 mm or more, wherein

the graphene sheet includes at least one polycyclic aro-

matic sheet in which a plurality of carbon atoms are
arranged on a single plane and connected by covalent
bonds, and

a thickness of the graphene sheet is about 30 nm or less.

2. The insulating sheet having the heterogeneous laminated
structure of claim 1, wherein the hexagonal boron nitride
sheet has a RMS surface roughness of about 2.5 nm or less in
a region having an area of about 20 pmx20 pm or more.

3. The insulating sheet having the heterogeneous laminated
structure of claim 1, wherein

the hexagonal boron nitride sheet has a two-dimensional

planar structure in which a boron (B)-nitrogen (N) bond
is a sp” covalent bond is a van der Waals bond, and

a thickness of the hexagonal boron nitride sheet is about 30

nm or less.

4. The insulating sheet having the heterogeneous laminated
structure of claim 1, wherein a dielectric constant of the
insulating sheet is in a range of about 2 to about 4.

5. An electrical device comprising a laminated structure,
the laminated structure comprising:

the insulating sheet having the heterogeneous laminated

structure of claim 1; and

a graphene channel layer on the hexagonal boron nitride

sheet.

6. A method of manufacturing an insulating sheet having a
heterogeneous laminated structure, the method comprising:

forming a graphene sheet by performing a first heat treat-

ment while introducing a gas-phase carbon source in the
presence of a metal catalyst;

forming an amorphous boron nitride layer on the graphene

sheet while providing gas-phase nitrogen and boron
sources in a state in which a reactor is cooled; and

recrystallizing the amorphous boron nitride layer into a

hexagonal boron nitride sheet by performing a second
heat treatment on the amorphous boron nitride layer.

7. The method of claim 6, wherein the forming a graphene
sheet, the forming an amorphous boron nitride layer, and the
recrystallizing the amorphous boron nitride layer are per-
formed in a same reactor.

8. The method of claim 6, wherein the forming a graphene
sheet includes introducing at least one of carbon monoxide,
ethane, ethylene, ethanol, acetylene, propane, propylene,
butane, butadiene, pentane, pentene, cyclopentadiene, hex-
ane, cyclohexane, benzene, and toluene.

9. The method of claim 6, wherein the forming a graphene
sheet performs the first heat treatment in the presence of at
least one of nickel (Ni), cobalt (Co), iron (Fe), platinum (Pt),
palladium (Pd), gold (Au), aluminum (Al), chromium (Cr),
copper (Cu), magnesium (Mg), manganese (Mn), molybde-
num (Mo), rhodium (Rh), silicon (S1), tantalum (Ta), titanium
(Ti), tungsten (W), uranium (U), vanadium (V), zirconium
(Zr), and an alloy thereof.
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10. The method of claim 6, wherein the forming a graphene
sheet performs the first heat treatment at a temperature rang-
ing from about 300° C. to about 1500° C.

11. The method of claim 6, wherein the forming a graphene
sheet performs the first heat treatment for a given amount of
time such that a thickness of the graphene sheet is about 30
nm or less.

12. The method of claim 6, wherein the forming an amor-
phous boron nitride layer provides gas-phase nitrogen and
boron sources in the state in which the reactor is cooled to a
temperature in a range of about 70° C. to about 800° C.

13. The method of claim 6, wherein the forming an amor-
phous boron nitride layer provides at least one of NH; and N,,,
and at least one of BH;, BF;, BCl;, B,H, (CH;CH,);B, and
(CH,);B.

14. The method of claim 6, wherein the forming an amor-
phous boron nitride layer provides at least one of H;NBH,
and (BH);(NH);.

15. The method of claim 6, wherein the recrystallizing
performs the second heat treatment at a temperature ranging
from about 500° C. to about 1500° C.

16. The method of claim 6, wherein the forming a graphene
sheet, the forming an amorphous boron nitride layer, and the
recrystallizing the amorphous boron nitride layer are inde-
pendently performed in the presence of one of an inert gas, a
hydrogen gas, and a mixed gas.
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